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ABSTRACT
Under applied high pressure, the electronic, optical, structural, and other properties of narrow-bandgap telluride semiconductors are sub-
jected to dramatic changes. They can include, for instance, structural and electronic topological transitions. In this work, we investigated the
electronic properties of single crystals of three families of tellurides, namely, HgTe, PbTe, and Bi2Te3 by measurements of the thermoelectric
power (the Seebeck coefficient) and electrical resistance under high pressure up to 10 GPa. The applied pressure led to spectacular variations
in the electronic transport of all three tellurides. We addressed these effects to electronic topological transitions that could be driven by sig-
nificant narrowing of the bandgaps in the normal-pressure phases of these compounds. In particular, at about 1 GPa, we observed an n-p
switching in the conductivity of HgTe, which was well reproducible under multiple pressure cycling. In contrast, in PbTe, we found that an
electronic topological transition irreversibly turns the conductivity from p- to n-type. An electronic topological Lifshitz transition in p-type
Bi2Te3 crystals with a low carrier concentration enhanced the n-type conductivity in a narrow pressure region about 2–3 GPa and resulted
in a double p–n–p conductivity inversion. An irreversible p–n conductivity switching in p-type Bi2Te3 happened already on decompression
from a high-pressure phase from about 8 GPa. The stress-controlled p–n inversions of the electrical conductivity in these industrially impor-
tant telluride materials can potentially find emergent applications in micro- and nanoelectronics.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0031818
I. INTRODUCTION
Controlling the electrical currents, which depend on the type
and magnitude of electrical conductivity and the thermopower of
materials, is crucially important for many semiconductor appli-
ances.1 Therefore, different methods, which allow effectively
control the electrical conductivity magnitude and its type (p- or n-)
in various industrially relevant semiconductors, would open up
prospects to novel applications. For instance, a possibility of elegant
and reversible switching, the conductivity type in individual micro-
or nanoscopic semiconductor elements will allow one to create in
the future a new generation of p–n switches, p–n diode elements,
n–p–n (p–n–p) transistors, memory appliances, and various multi-
layer heterostructures with alternating types of electrical
conductivity.2–7
The most common methods that are employed to vary the
conductivity type are doping,8,9 implantation or irradiation,10,11
and stabilization of another structural phases with different
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electronic properties, e.g., in strained thin films.12,13 Conductivity
type can also be inverted upon structural phase transitions, for
example, under variation either in pressure5,7,14 or in
temperature.15–20 Note that doping and implantation result in irre-
versible changes in electronic transport properties, whereas varia-
tions linked to pressure- or temperature-driven structural phase
transitions are often reversible. However, in the latter case, a multi-
ple cycling across phase transitions can severely damage specimens.
Therefore, a search for new alternatives that could allow reliable
and more elegant inversions of electronic properties remains a
topical task.
It was established that band structure topology can have a
noticeable effect on electronic properties of materials.21–31 Different
methods like the above-discussed doping21,24,32–37 or pressure/
stress application25–31,38–43 can lead to significant changes in topol-
ogy. Generally, electronic topological transitions can lead to differ-
ent sorts of band structure variations. Transitions that are
associated with changes in the Fermi surface topology are named
as “Lifshitz transitions,” and they were originally predicted in
metals under compression.44 Under moderate high applied pres-
sure, they were observed, for example, in Bi2Te3
45 and SnSe.29
There are more spectacular electronic transitions that are linked to
transformations from trivial to the non-trivial state of band struc-
ture topology. Such a transition was predicted, for instance, in
PbTe under an applied pressure of a few GPa in its NaCl phase.46
The latter transition was also observed in Bi2Te3 and Bi2Se3 at
ambient pressure under the appropriate level of p-doping.33,34
Hence, a controlled variation in the band structure topology is an
effective method to tune the electronic properties.
Applied high pressure is capable to affect dramatically the
electronic band structure of semiconductors and
semimetals.25,27,28,30,47–49 For instance, at normal conditions, rock
salt-structured PbTe has a direct bandgap of about Eg = 0.3 eV,
47–54
and its pressure coefficient [dEg/dP≈ –(70 ÷ 90) meV/GPa]47–54
suggests that this gap should be closed at about 3–4 GPa.47,55
However, a structural phase transition to the Pnma phase56–59 con-
current with a bandgap opening happens in PbTe only about 5.5–
7 GPa.47,60,61 Thus, in the pressure range of about 3–6 GPa rock
salt-structured PbTe should be in a highly unconventional nearly
gapless state. It was found experimentally that the thermoelectric
properties of PbTe are greatly enhanced in this 3–6 GPa range.62 As
mentioned above, theoretical studies predicted for PbTe a transition
from a trivial insulator to a topological one at ∼3.4–
4.8 GPa.46,49,63,64 The example of PbTe clearly demonstrates a pos-
sibility of profound alterations in the band structure topology,
when applied high pressure progressively narrows a semiconductor
bandgap. In its turn, it should lead to significant variations in elec-
tronic transport and other properties. Potentially, these effects,
which are not linked to crystal-structure reconstructions, can be of
significant technological interest for the semiconductor industry.
However, because in situ high-pressure studies strongly restrict the
set of experimental techniques feasible for investigation, the
pressure-driven topological transitions and related changes in elec-
tronic properties remain poorly studied to date.
In this work, we investigated the effect of applied high pres-
sure on the thermoelectric power and electrical resistance of three
telluride families, including HgTe and its solid HgTe1−xSx
solutions, PbTe crystals, and Bi2Te3 crystals, in which, the elec-
tronic topological transitions were expected. We found that the
applied pressure can invert the type of the electrical conductivity in
all these tellurides and proposed several simple examples of how
these effects could be implemented.
II. DETAILS OF EXPERIMENT
For this study, we used single crystals of the tellurides from
different suppliers. The solid solutions of HgTe1−xSx crystals with
x = 0, 0.05, 0.10, and 0.15 were synthesized in the quartz ampoules
by melting together the highly pure (99.9999%) components of Hg,
Te, and S. The sample compositions were determined in a micro-
probe analysis using a Superprobe-JCXA-733. One crystal of Bi2Te3
was grown by the vertical Bridgman method. The crystals of PbTe
were grown by the Czochralski technique.
The measurements of the thermoelectric power (the Seebeck
coefficient) and the electrical resistance were carried out at room
temperature in an anvil-type high-pressure cell of a toroidal type
(both anvils have the semispherical cavities) under a continuous
change in the applied pressure value up to 10 GPa.65,66 A culet size
of the anvils amounted to about 1 mm. This cell allowed to investi-
gate bulk samples with typical sizes of about 150 × 150 × 150 μm3.66
A toroidal-shaped container that was made of limestone mineral
served both as a gasket and as a pressure-transmitting medium.65,66
The high-pressure cell was loaded inside an automated mini-press
setup.3,67 This setup allowed smoothly to increase and decrease an
applied force and simultaneously to register automatically all rele-
vant output signals.3,67 The force applied to the high-pressure cell
was automatically measured by a digital dynamometer with the
resistive-strain sensors. For each sample, the thermopower and the
electrical resistance measurements were performed for several pres-
surization and decompression cycles.68 The electrical resistance was
measured by a quasi-four-probe method (two bifurcated probes).4
In the thermopower measurements, a temperature difference (ΔT)
across a sample was generated by heating of an upper anvil. Other
details can be found in previous papers.65,66
III. RESULTS
A. HgTe and HgTe1–xSx
At normal conditions, mercury telluride, HgTe is a gapless
semiconductor with an inverted band structure.69–75 HgTe crystal-
lizes in a zinc-blende (sphalerite)-type structure [Fig. 1(a)], which
is transformed under applied high pressure, first, to a cinnabar-type
structure at 1–3 GPa [Fig. 1(b)]76–94 and then, to a rock salt
(NaCl-type) phase above 7–10 GPa [Fig. 1(c)].82–85,87,88,95 Note that
the cinnabar phase was predicted to be a good thermoelectric.96,97
The zinc-blende→ cinnabar phase transition in HgTe was estab-
lished to result in a bandgap opening.98–100 Binary HgTe was the
focus of many experimental high-pressure studies, which investi-
gated its structural, optical, and electronic transport
properties,69,76,77,80,82–84,87,88,95,98–106 whereas its solid solutions,
like HgTe1−xSx, were considered in a few works only.
89–91,105,107–109
It was found that a certain critical concentration of sulfur of about
xc∼ 0.15–0.2 turns HgTe1−xSx from a gapless semiconductor to a
semimetal.89,107 HgTe was reported to turn to a three-dimensional
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topological insulator under biaxial/uniaxial compressive
deformation;72,110–112 interesting topological features were proposed
for HgTe1−xSx too.
109
We investigated variations in the thermopower and the electri-
cal resistance of the solid solutions of HgTe1−xSx (x = 0, 0.05, 0.10,
and 0.15) under applied high pressure across the electronic
and structural phase transitions for multiple pressurization-
decompression cycles. An abrupt rising in both the electrical resist-
ance and the thermopower above 1–3 GPa [Figs. 1(d)–1(f ), 2,
and 3(a)] corresponded to the transition to the semiconductor
cinnabar phase.98–100 The pressure dependencies of the thermopower
for binary HgTe exhibited a pronounced and reproducible bend at
about 0.6–0.9 GPa [Fig. 3(b)], i.e., in the sphalerite-type phase. As
seen from [Figs. 2(b)–2(d) and 3(c)], the sulfur substitution shifted
this feature from the p- to n-type region, thereby demonstrating a
relative enhancement of the electron partial conductivity.
Generally, the Seebeck coefficient of all HgTe1−xSx samples
exhibited the colossal variations under applied pressure, which
included a reversible n–p–n double sign inversion of the electrical
conductivity (Figs. 2 and 3). With the increase in both the sulfur
content and the pressure cycle number, the n–p conductivity inver-
sion point shifted to the higher pressures (Figs. 2 and 3). The first
n–p sign inversion took place in HgTe at about 0.5–0.8 GPa, i.e.,
before the bend in the curves [Figs. 1(d)–1(f), 2, and 3(a)]; in
HgTe0.95S0.05 for the first pressure cycle, it slightly shifted to
0.9 GPa. The n–p inversion in HgTe was reversible and reproduci-
ble for the subsequent pressurization cycles [Fig. 3(b)], whereas for
the second and subsequent pressure cycles in HgTe0.95S0.05 and for
all cycles in HgTe0.90S0.10 and HgTe0.85S0.15 samples, no n–p inver-
sion in the sphalerite-type phase was observed; the electrical con-
ductivity turned to the p-type only after the structural phase
transition to the cinnabar phase [Fig. 1(b)]. The maxima of the
pressure dependencies of the thermopower and the resistance at
about ∼2–5 GPa corresponded to the pure cinnabar phase, whose
bandgap for binary HgTe was found to be as Eg ∼ 0.6–
0.7 eV.82,88,99,100 The following progressive decreasing in both the
Seebeck coefficient and the resistance in the cinnabar phase with
pressure reflected the bandgap narrowing.82,99,100 Remarkably, the
FIG. 1. (a)–(c) Room-temperature crystal structures of HgTe at different pressures: (a) sphalerite- or zinc-blende type, (b) cinnabar-type, and (c) rock salt-type (NaCl). (d)
Pressure dependencies of the electrical resistance of HgTe1−xSx (x = 0, 0.05, 0.1, and 0.15) single crystals across the sphalerite→ cinnabar phase transition (pointed by
the bulk arrows) for third pressurization cycles at 295 K. (e) and (f ) Pressure dependencies of the electrical resistance for two HgTe1−xSx samples with (e) x = 0.05 and (f )
x = 0.1 for two pressurization and decompression cycles. The thin arrows near the curves point out the directions of pressure variation. One can see the excellent data
reproducibility for the sample with (e) x = 0.05, whereas the sample with (f ) x = 0.1 showed a notable difference in the curves between the third and six cycles.
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thermopower in the cinnabar phase of all HgTe1−xSx samples first
inverted its sign from the p- to n-type above 3–7 GPa and then,
inverted its pressure derivative [Figs. 2 and 3(a)].
The pressure dependences of the thermopower for HgTe1−xSx
samples, for the exception of the one with х = 0.15, exhibited the
smooth inflection points in the negative region at about 4–6 GPa
(Fig. 2). These features may be addressed to the onset of the phase
transition to the NaCl-type phase [Fig. 1(c)]. However, the electri-
cal resistance curves of these samples did not pronounce changes
in these pressures [Fig. 1(d)]. Only for one of them, namely, with
х = 0.05, the resistance value notably dipped near above 5 GPa that
could be linked to this transition. Earlier studies found that the
NaCl phase in HgTe is metallic and has a p-type conductivity.106
Above 4–6 GPa, after the smooth negative extremum, the Seebeck
coefficients of these three HgTe1−xSx samples showed an apparent
tendency to decreasing of their absolute values, followed by an n–p
sign inversion (Fig. 2). Therefore, we can infer that in the pressure
range investigated these three samples probably only partly trans-
formed to the NaCl-type structure, and hence, the reproducible
double n–p–n conductivity inversions observed in all HgTe1−xSx
samples [Fig. 3(a)] corresponded to the sphalerite and cinnabar
phases.
Although the pressure-driven variations in the thermoelectric
power and electrical resistance of HgTe and HgTe1−xSx samples
were well reproduced for successive pressure cycles, they showed a
significant shift of the features to the higher pressures with the
cycle number. We can address this effect to residual strains and
plastic deformation of the original single-crystalline crystals. HgTe
FIG. 2. Pressure dependencies of the thermoelectric power (the Seebeck coefficient) of HgTe1−xSx single crystals with (a) x = 0, (b) x = 0.05, (c) x = 0.1, and (d) x = 0.15
for selected pressurization and decompression cycles at 295 K. The thin arrows near the curves point out the directions of pressure variation. These plots show a tendency
to the reproducibility of the dependencies for multiple pressure cycling.
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and HgTe1−xSx are rather soft materials, and under an applied high
pressure, they can be not only elastically compressed but plastically
deformed too. In addition, an earlier study of similar HgSe com-
pounds discovered that in a vicinity of a zinc-blende→ cinnabar
phase transition, these fragile materials become highly plastic and
can be significantly deformed.113 Furthermore, this earlier study
also found that these plastically deformed samples recovered after a
high hydrostatic pressure of 2 GPa are characterized by enhanced
microhardness values.113 Thus, the shifts of the transition point to
the higher pressures with the cycle number we observed in all
HgTe1−xSx samples can be explained by the above hardening of the
samples after their successive plastic deformation.
B. PbTe
At ambient conditions, lead telluride, PbTe, crystallizes in the
cubic rock salt-type (NaCl) structure [Fig. 1(c)].114 Under applied
high pressure above 5.5–7 GPa, this phase undergoes a phase tran-
sition to an orthorhombically distorted structure of Pnma
symmetry.56–59,115,116 Although this transition has been discovered
a long time ago,76,117–122 and high-pressure effects on the electronic
band structure of PbTe and its parameters were investigated in a
plenty of studies,48,49,51,53,54,63,64,123–126 the pressure-driven recon-
structions of the band structure of PbTe in both the NaCl and
Pnma phases remain obscure to the date. As it was briefly men-
tioned in Sec. I paragraph, the direct bandgap of PbTe in the NaCl
phase, Eg = 0.3 eV, was established to decrease linearly with the
applied pressure with a coefficient of about −(70 ÷ 90) meV/
GPa.47–54 This fact suggests that the bandgap should be eventually
closed at about 3–4 GPa,49,63,64 i.e., well before the phase transition
point of 5.5–7 GPa,56–59 at which, a small bandgap is re-opened
[Fig. 4(a)].60,61,127 Experimentally, an electronic state that corre-
sponds to the minimal or zero value of the direct bandgap was
indeed observed at about 3 GPa.55 The above-discussed alterations
in the band structure should result in significant modifications in
the electronic topology. Recent band structure calculations pro-
posed for PbTe a transition from a trivial insulator to a topological
one at ∼3.4–4.8 GPa.46,49,63,64,128,129 The electrical conductivity (σ)
of PbTe was found to enhance greatly in this “gapless” state under
conservation of significant magnitudes of its Seebeck coefficient
(S);62 this resulted in a colossal improvement of its power factor
(S2σ).62 Notably that PbSe, which adopts the same NaCl-type struc-
ture and has the same direct bandgap, also showed an enhance-
ment of its thermoelectric properties at 2–3 GPa.30
We investigated the electronic transport properties of several
PbTe single crystals under pressure cycling up to 9 GPa across the
electronic and structural phase transitions (Fig. 4). The electrical
resistance of PbTe progressively diminished with pressure and
showed smooth features at about 3 and 7 GPa [Fig. 4(a)]. In one
previous work that reported a pressure dependence of electrical
resistivity for heavily doped PbTe crystals, a pronounced jump in
the resistivity value near about 2 GPa was observed.130 This feature
could be linked to the above-discussed electronic transition.
Probably, in this case, the doping enhanced the signatures of this
transition. However, other studies for undoped PbTe crystals did
not detect any remarkable changes across this transition.131 All
the investigated crystals of p-type PbTe inverted their original
FIG. 3. Selected pressure dependencies of the thermoelectric power (the
Seebeck coefficient) for HgTe1−xSx single crystals replotted from Fig. 2. The
thin arrows near the curves point out the directions of pressure variation. (a) For
the first pressurization cycle for all HgTe1−xSx (x = 0, 0.05, 0.1, and 0.15)
samples. (b) For the HgTe sample in the pressure range up to 3.5 GPa. The
thin vertical arrow points out the bend for the first cycle, which could be related
to the electronic transition in the sphalerite phase. The bulk arrow points out the
structural phase transition from the sphalerite to the cinnabar phase for the first
cycle. (c) For the sample with x = 0.05 in the pressure range up to 2.3 GPa. The
notations are the same as in (b). As seen the feature at about 1 GPa is sup-
pressed with pressure cycling.
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dominant electrical conductivity to n-type and reached the maximal
negative Seebeck coefficients at ∼2.5 GPa [Figs. 4(b) and 4(c)].
The structural NaCl→ Pnma phase transition was noticeable on
some thermopower curves as a minor dip at about 6–7 GPa
[Fig. 4(b)]. Remarkably that the electronic transition resulted in
much more significant variations in the thermoelectric power,
compared to those linked to the NaCl→ Pnma structural phase
transition.56–59
We verified for several p-PbTe samples that the pressure-
driven p–n inversion is irreversible, and the successive pressure
cycles correspond already to the n-type conductivity [Fig. 4(c)]. For
comparison, we measured the thermopower of as-grown n-type
single crystal of PbTe (sample 3) and observed a similar pressure
behavior but with a more distinct dip in a vicinity of the structural
transition [Fig. 4(b)]. Our findings suggest that applied pressure or
stress of several GPa can dramatically alter the electronic properties
of p-type PbTe crystals and even turn them into n-type conductors.
C. Bi2Te3
At normal conditions, Bi2Te3 crystallizes in a tetradymite
layered structure (rhombohedral space group R3m No. 166)
[Figs 5(a) and 5(b)] that is characterized by a low thermal conduc-
tivity.132 Note here that high-pressure high-temperature synthesis
can stabilize other metastable polymorphs at ambient
conditions.133–135 An unusual band structure topology of Bi2Te3
allows to implement a topological insulator state with a small
bulk bandgap of about Eg∼ 0.15 eV.33,136,137 A combination of the
low thermal conductivity with the topological insulator state
(which provides a high power factor, S2σ) can explain the high
room-temperature thermoelectric performance parameters of
Bi2Te3.
138–145 It was found that the applied pressure of about
2–4 GPa induces the number of remarkable phenomena. They
included, for example, 2D electronic topological Lifshitz transi-
tion,45 the emergence of superconductivity,146–148 giant enhance-
ment of thermoelectric power factor,149,150 and also spectacular
changes in the bulk mechanical,45,151,152 electronic,153–155 vibra-
tional, and other properties.156–159 Above 6–8 GPa, the original
rhombohedral phase transforms to a monoclinic C2/m
structure.22,146,148,151,157,158,160–165
Here, we investigated a possibility of pressure-driven p–n con-
ductivity switching in Bi2Te3. We measured the Seebeck coefficient
and the electrical resistance of an undoped p-type crystal with a
low carrier concentration as p∼ 5 × 1017 cm−3 across the electronic
and structural phase transitions [Fig. 5(c) and 5(d)]. One can see
that at a pressure of about 3 GPa, which corresponded to the above
2D electronic topological transition,45 the dominant electrical
conductivity of Bi2Te3 can be reversibly inverted to the n-type
[Fig. 5(d)]. The electrical resistance curve exhibited a bend near
this pressure [Fig. 5(c)]. In previous works, a dip on pressure
dependencies of the thermopower without p–n inversion was also
observed at similar pressures for p-type Bi2Te3 crystals with the
higher carrier concentrations above ∼1018 cm−3.149,150 These find-
ings suggest that this electronic transition results in a rather limited
enhancement of the n-type partial conductivity, and hence, such a
double p–n–p inversion in the vicinity of 3 GPa can be observable
only in high-quality undoped p-type crystals. This result is in
FIG. 4. Pressure dependencies of (a) the electrical resistance and (b) and (c)
the thermoelectric power (the Seebeck coefficient) of five crystals of PbTe
(labeled as 1–5) for several pressurization and decompression cycles at 295 K.
The thin arrows near the curves point out the directions of pressure variation.
The thin vertical arrows point out the electronic transition in the rock salt phase.
The bulk arrows point out the structural NaCl→ Pnma phase transition at ∼6–
7 GPa. (c) Samples 4 and 5 were cut from the same bulk crystal and their
dependencies are nearly identical.
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contrast to the above cases of HgTe and PbTe, in which the elec-
tronic transitions led to the more dramatic changes in the conduc-
tivity [Figs. 3(b), 4(b), and 4(c)]. On the phase transition to the C2/
m phase at ∼6–8 GPa,22,146,148,151,157–163,166 the residual minor
bandgap of Bi2Te3 is abruptly closed, and its electrical resistance
drops [Fig. 5(c)]. We found that the conductivity in the C2/m
phase can be both of p- and n-types [Fig. 5(d)], thereby indicating
that this phase is rather a semimetal than a metal. We also estab-
lished that the samples recovered from the structural phase transi-
tion demonstrate a strong preference to the n-type conductivity.
Thus, alike p-type PbTe, an applied moderate pressure can irrevers-
ibly turn Bi2Te3 to an n-type conductor.
IV. DISCUSSION
A. The high-pressure effects on the thermopower of
the tellurides
The Seebeck coefficients of the topological tellurides investi-
gated demonstrated the colossal variations under applied moderate
high pressure, including the controlled inversions of the conductiv-
ity type (Figs. 2–5). The most spectacular changes in the electronic
properties were observed in the vicinities of the electronic topologi-
cal transitions in the conventional normal-pressure crystalline
phases. Since these features were not linked to any crystal-structure
reconstructions, they had to come out from the modifications of
their band structures.
At normal conditions, the valence and conduction bands in the
conventional zinc-blende phase of HgTe are a bit overlapped at the
Г point of the Brillouin zone, suggesting a gapless semiconductor
state.70,73,168,169 In particular, s-like minimum of the conduction
band with Г6 symmetry lies below the p-like maximum of the
valence band with Г8 symmetry.
73,168,169 A band with Г7 symmetry
lies below the band with Г6 symmetry because of a large spin–orbit
splitting.71,73,168–170 Under applied pressure, the Г6 band (which cor-
responds to a “light” hole band) was found to move upward in the
energy, and, at a certain pressure, it should cross the Г8 band (which
corresponds to a “heavy” hole band), thereby inverting the band
structure.79,80 Then, at a higher pressure, a semiconductor gap
between the s- and p-bands is expected to open. The above upshift
of the “light” band of mobile holes should stimulate a transfer of the
holes carriers to this band, and hence, a p-type partial conductivity
should be notably enhanced under pressure. This can explain the
abrupt n–p inversion observed in binary HgTe [Fig. 3(b)]. Previous
works reported that sulfur substitution in HgTe increases the con-
centration of electrons and stabilizes its n-type conductivity.105 As
we observed for the compound with x = 0.05, the n–p inversion is
still observable about 1 GPa but it is not robust and is suppressed
with the subsequent pressure cycles [Fig. 3(c)]. This is likely due to
the formation of donor-type defects in the samples (e.g., Te vacan-
cies) that stabilized the n-type conductivity. In these samples with
the higher sulfur content, this n–p inversion degenerated into a
minor anomaly on the curves (Fig. 2).
Recent Hall-coefficient studies of the zinc-blende phase of
HgTe reported a pressure-driven decrease in an effective carrier
concentration and an increase in their mobility.106 These findings
confirmed a pressure-driven reduction of the overlap of the valence
and conduction bands, thereby suggesting that at a certain pressure
they should be completely separated.79,80,106 Note here that the
FIG. 5. (a) and (b) Room-temperature crystal structure and a photograph clearly showing the layered structure of Bi2Te3 crystals. (c) and (d) Pressure dependencies of the
electrical resistance and the thermoelectric power (the Seebeck coefficient) of Bi2Te3 crystals at 295 K. The thin arrows near the curves point out the directions of pressure
variation. The thin vertical arrows point out the electronic transition in the rhombohedral phase, investigated, for example, in Ref. 45. The bulk arrows point out the structural
phase transition from the original rhombohedral phase to the monoclinic C2/m structure at about 7 GPa. For comparison, we plotted in (c) and (d), the pressure dependen-
cies of the electrical resistance and the thermopower for n-type Bi2Te3 single crystals from Ref. 167 (labeled as Ref. BO near the curves).
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band structure of HgTe is very sensitive to many factors, like small
strains or defects, and hence, the fine details of the band structure
can vary a bit from sample to sample.168 The rising in the electrical
resistance with the pressure we observed in the zinc-blende phase
of HgTe [Fig. 1(d)] could be explained by the gradual reduction of
the bands overlap. However, instead of a bandgap opening in the
zinc-blende phase, HgTe undergoes the structural transformation
to the hexagonal cinnabar-type structure with the inherent large
bandgap [Figs. 1(b)–1(d)].76–94
The pressure dependencies of the electrical resistance and the
thermopower of HgTe1−xSx indicated that above the phase transition
point of 1–4 GPa, the cinnabar phase of all the samples is a p-type
semiconductor, in agreement with previous works.80,101,103,106 The
thermopower in the cinnabar phase of HgTe1−xSx can be well
described by a formula for an intrinsic semiconductor with a
two-band electrical conductivity as follows:171










 rp þ 52
 
σp








where k is Boltzmann’s constant, e is the electron charge, T is the
temperature, σn (σp) is the partial conductivity of electrons
(holes), and rn(rp) and m*n(m
*
p) are the scattering parameter and
the effective mass of the density of states of electrons (holes),
respectively.
Thus, the thermopower variation in the cinnabar phase of
HgTe1−xSx samples is mainly determined by changes in the
bandgap and in the partial conductivities [Eq. (1)]. The bandgap of
the cinnabar phase of HgTe just after the completion of the transi-
tion was reported to be about 0.6–0.7 eV;82,88,99,100 its pressure
coefficient was established as dEg/dP≈− (120 ÷ 153) meV/
GPa.82,99,100 In a cinnabar phase of α-HgS, a bandgap at ambient
conditions is much larger as Eg = 2.2 eV, and hence, the sulfur sub-
stitution should notably increase the above bandgap in HgTe1−xSx
samples. Qualitatively, it was seen from the rising in the maximum
resistance values at about 2–4 GPa in the cinnabar phases of
HgTe1−xSx with the x content [Fig. 1(d)]. At the same time, the
maxima of the Seebeck coefficients in the cinnabar phases at about
2–5 GPa, on the contrary, diminished with the x content [Fig. 3(a)].
Therefore, in accordance with Eq. (1), these findings directly
pointed out the enhancement of the n-type conductivity in the
sulfur-substituted samples with the x content. Interestingly to note
that above 3–7 GPa, the conductivity in the cinnabar phases
inverted from p- to n-type [Fig. 3(a)]. This effect might be linked,
for instance, to shifting down the “light” hole band, followed by a
charge transfer to the “heavy” hole band, i.e., be opposite to that
discussed above for the zinc-blende phase.
PbTe is a direct-gap semiconductor whose gap of about 0.3 eV
lies at the L point of the Brillouin zone.52,172,173 The top of its
valence band presents a band of “light” and high-mobile
holes,52,172,173 whereas a band of “heavy” and less-mobile holes lies
at the Σ point of the Brillouin zone, well below the above “light”
band, and hence, it does not usually contribute to its electrical
conductivity.127 The pronounced p–n inversion observed in PbTe
at ∼1–2 GPa [Figs. 4(b) and 4(c)] cannot come out from the
pressure-driven bandgap narrowing in the NaCl-type phase.47–54
Hence, one can propose that the applied pressure shifted up the
level of the “heavy” hole band, relative to the “light” band, and
stimulated a redistribution of the holes between these two bands. It
should lead to a strong suppression in the partial hole conductivity
in PbTe since the “heavy” holes are much less mobile, than the
“light” ones. It could explain the p–n sign inversion at ∼1–2 GPa
[Figs. 4(b) and 4(c)]. Earlier investigations of p-type PbTe showed
that the carrier mobility μ first increases with pressure up to ∼2–
3 GPa because of the narrowing of its direct bandgap (μ∼ 1/Eg) but
then decreases with further pressurization.55 Theoretical calcula-
tions found that the bandgap closure in PbTe at ∼3 GPa leads to
the band inversion,64,128,129 which is driven by an enhanced
sp-hybridization,129 followed by increasing the band overlapping
(negative gap) under further compression.64 These effects turn
PbTe into a topological insulator.46,49,64,128,129 The negative extre-
mum on the thermopower curves likely corresponded to this tran-
sition [Figs. 4(b) and 4(c)]. The above-discussed band structure
reconstructions seem to be reversible. Hence, we can address the
irreversibility of the p–n inversion in PbTe to either (i) the conser-
vation of the residual strains in the samples, which could keep the
position of the “heavy” hole band on the top of the valence band,
or (ii) the formation of the large number of donor-type structural
defects in the compressed samples, which could shift the charge
balance to the n-type.
In Bi2Te3, we found that the above-discussed 2D electronic
topological Lifshitz transition at about 3 GPa45 enhanced the
n-type partial conductivity only in the limited pressure region
[Fig. 5(d)] and seemed to be reversible. As known from the
literature,174–179 the top of the valence band of bulk Bi2Te3 crystals
consists of a six-valley band of “light” holes and a lying below the
band of “heavy” holes, whose effective masses and mobility values
essentially differ. One can propose for Bi2Te3 the similar band
structure reconstructions as in the above-discussed case of PbTe.
Thus, the abrupt collapse of the p-type conductivity in Bi2Te3 at
∼3 GPa [Fig. 5(d)] could be likely caused by a redistribution of the
charge carriers between the groups of the “light” and “heavy” hole
bands. It is worthy to mention that a recent hydrostatic-pressure
study of the Seebeck coefficient of n-type Bi2Te3 single crystals dis-
closed a spectacular n–p–n double sign inversion just prior to the
structural phase transition to the C2/m phase.163 This finding hints
at the existence of one more electronic transition in Bi2Te3 that
enhances the p-type partial conductivity and which can be poten-
tially observable in high-quality n-type crystals. Recall here that in
this work, the thermopower curves for the n-type samples did not
show this feature [Fig. 5(d)]. The irreversible p–n conductivity
inversion observed in the sample recovered from the structural
R3m→ C2/m phase transition [Fig. 5(d)] is likely due to the
appearance of the sizable number of peculiar structural defects of
the n-type that change the charge balance in the sample.
B. Potential innovative applications of the tellurides
The spectacular inversions of the electrical conductivity type
observed here, which are reversible in HgTe (Figs. 2 and 3) and
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irreversible in PbTe [Figs. 4(a) and 4(b)] and Bi2Te3 [Fig. 5(d)],
look highly promising for potential applications in the industry.
For instance, they could be implemented in next-generation nanoe-
lectronic devices, operating with applying tunable stresses. Here, we
can propose a pair of the simplest applications of these effects. It is
known that high strains (which simulate applied stresses) can be
generated in thin films deposited on the substrate, for instance,
because of “misfit” lattice parameters in selected pair of the film
and the substrate.12,13,180–182 These strains allow us to stabilize
high-pressure phases at normal conditions, as it was implemented,
e.g., in PbTe.12,13 Hence, one can propose that the high-pressure
effects on the electronic properties of HgTe [Figs. 2(a) and 3(a)]
could be potentially implemented in a thin film deposited on the
substrate, in which, generation of small tunable or constant strains
(simulating stresses of up to 3 GPa and higher) would be somehow
possible. As illustrated in Fig. 6(a), these strains or applying stresses
can reversibly switch between three different electronic states,
namely, the n-type and p-type conductors in the conventional
sphalerite phase up to 1.7 GPa that is characterized by the high
electrical conductivity [Fig. 1(d)] and the p-type insulator, which is
linked to the cinnabar-type structure above 1.7 GPa (Fig. 1).
The same approach as described above can be applied to
p-type PbTe films too, in which, an applied stress of about 2 GPa
can induce the p–n conductivity inversion [Figs. 4(b) and 4(c)]. As
found in recent high-pressure studies of Ge-doped silicon, such
p–n sign inversions, which are not accompanied by crystal-structure
changes, can be reversible if the applied pressure does not go
beyond the negative extremum point,7, i.e., 2 GPa for PbTe;
whereas the higher stresses led to notable irreversible changes in
a defect structure of these Si:Ge samples.7 In this study, we applied
to the PbTe crystals the high pressures well above 2 GPa and
found that the p–n switching is irreversible. Although on the
decompression cycles below ∼0.5 GPa, a tendency to a partial
recovery of the original characteristics of the PbTe samples was still
noticeable [Figs. 4(b) and 4(c)].
The irreversible p–n inversions observed in PbTe [Figs. 4(b)
and 4(c)] and Bi2Te3 [Fig. 5(d)] suggest that these semiconductors
can be potentially utilized in technologies that operate applying
stresses to “print out” areas with a certain conductivity type
[Fig. 6(c)]. For instance, it could be accomplished with the assis-
tance of electronically controlled hard tips of designed shapes
[Fig. 6(b)] that can produce high stresses on the sample surface
under applied loads of less than a few grams.181 Using this method,
one can “print out” n-type semiconductor areas on surfaces of
p-type bulk samples of PbTe and Bi2Te3 [Figs. 6(c)–6(e)].
V. CONCLUSIONS
In this work, we investigated the electronic properties of the
single crystals of several tellurides (HgTe and its solid solutions,
HgTe1−xSx, PbTe, and Bi2Te3) by the in situ high-pressure measure-
ments up to ∼10 GPa under multiple pressure cycling. We found
the dramatic changes in their electronic properties in the normal-
pressure crystalline phases and addressed them to the electronic
topological transitions. In particular, we observed the inversions in
the electrical conductivity type (n–p or p–n), which were reversible
in HgTe, but irreversible in both PbTe and Bi2Te3. We proposed
simple examples of how these stress-controlled n–p or p–n conduc-
tivity switching could be potentially implemented in micro- and
nanoelectronic appliances.
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FIG. 6. Examples of potential industrial applications of the pressure-driven
effects in HgTe, PbTe, and Bi2Te3. Plot (a) depicts the pressure dependence of
the thermopower for HgTe from Fig. 2(a) and illustrates that by applying small
controlled stresses (e.g., generated in a thin film of HgTe deposited on the sub-
strate), one can reversibly switch its electronic state. Possible electronic states
of HgTe include: (i) n-type conductor and (ii) p-type conductor in the normal-
pressure sphalerite phase, and (iii) p-type insulator in the high-pressure cinna-
bar phase [Figs. 1–3]. Plots (b)–(e) illustrate that by applying a hard indenter
tool (that can generate high stresses) to sample surface (b), one can “print out”
areas with desirable conductivity type. Plots (d) and (e) depict anticipated depth
profiles of n-type conductivity area, which can be “printed out” on the surface of
p-type PbTe and p-type Bi2Te3 by applying stresses above 4 and 9 GPa,
respectively.
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